Sediments and soils often contain superparamagnetic (SP) magnetite or maghemite grains that cause a frequency dependence of low-field susceptibility X fd which does not exceed 15 per cent/decade of frequency. Present models predict very different volume distributions for samples with the largest observed frequency dependence of susceptibility. While Stephensons' (1971) power-law model predicts most grains to be smaller than the stable single domain (SSD) threshold, the phenomenological model of Dearing et al. (1996) suggests that most grains are between 10 and 25 nm in diameter. Finally, the recent calculations of Eyre (1997) indicate very broad volume distributions. This study reviews the nature of the superparamagnetic-stable single domain (SP-SSD) transition. The change of AC susceptibilities with grain size (or temperature) at the SP-SSD boundary is more gradual than commonly assumed. When distributions of particle coercivities and volumes are also considered, X fd values are much smaller than those calculated by Eyre (1997). Nonetheless, X fd can be larger than 15 per cent, and a larger frequency dependence has indeed been measured for some samples. The question whether the observed limited X fd of soils and sediments is a result of a broad distribution or of a bimodal distribution, where SP and SSD grains are restricted to a certain relative abundance, can potentially be answered by susceptibility determinations at more than two frequencies and by measurements of the temperature dependence of susceptibility.
INTRODUCTION grains, because a fraction of SSD grains turn superparamagThe properties of small magnetic grains change drastically at netic at a decreased frequency. Susceptibilities are mostly the superparamagnetic (SP) to stable single domain (SSD) determined at two frequencies only (n=0.47 and 4.7 kHz for threshold. SSD grains are extremely stable carriers of magnetic the Bartington bridge) and the frequency dependence is comremanence because magnetization reversals require fields two monly expressed as X fd [%]=[(X lf −X hf )/X lf ]×100, where or three orders of magnitude larger than the geomagnetic field.
X lf and X hf are the low-and high-frequency values, respectively. Below a critical grain volume (or above a critical temperature)
Measurements on a large number of samples from various the SSD grains turn superparamagnetic because thermal agisources indicate an upper limit for X fd #15 per cent (Thompson tation instantaneously overcomes magnetic anisotropy and & Oldfield 1986; Dabas, Jolivet & Tabbagh 1992 ; Forster, these grains do not preserve a remanence at all. The SP/SSD Evans & Heller 1994; Dearing et al. 1996) . Stephenson (1971) threshold can be defined by a characteristic time of measurecalculated a value of X fd =14 per cent for volume distributions ment, t s , and may range from 2×10−8 s for Mössbauer studies N( V)3V−2. A power-law distribution was also adopted by to t s >1000 s for remanence properties (Dormann 1981) . Forster et al. (1994) in their interpretation. However, such a Another phenomenon associated with the SP/SSD threshold distribution is unrealistic and Eyre (1997) recently demonis a severalfold increase in susceptibility when t s becomes strated that for (realistic) log-normal volume distributions no such upper limit for X fd exists. Dearing et al. (1996) Lipka 1976) . If the time constant were t o <10−10 s it would require giant anisotropies (H k >200 mT) in order to exhibit d s (4.7 kHz)=19.5 nm to SSD values at a rather arbitrary grain size of d=30 nm for both(!) frequencies. They then arrived at SSD properties up to 350 K (eq. 1). The properties of a magnetite ferrofluid have been well characterized by TEM a 'theoretical' limit of X fd =15 per cent when the grain size distribution is narrow and grain diameters are between 10 and grain size determination, hysteresis loop and susceptibility measurements in the temperature range 4-380 K (Sö ffge & 25 nm. In contrast, Stephensons' V−2 model predicts that most grains are below the SP/SSD threshold for the same X fd value. Schmidbauer 1981). When trying to model the measured temperature dependence of X on the basis of grain size Last but not least, Eyres' calculations require a very broad volume distribution spanning more than four orders of magnidistribution and measured coercivity using the model derived later in this paper, I found that reasonable fits to the measured tude across the SP/SSD threshold in order to yield a limiting X fd =15 per cent. Conclusions from frequency-dependent data were only obtained with t o #10−9 s. Recently, the blocking temperatures of maghemite particles in magnetoferritin susceptibility measurements about grain size distribution and concentration of magnetic minerals are thus fundamentally for magnetization and Mö ssbauer measurements have been analysed to yield t o #10−9 s (Moskowitz et al. 1997) . different for the various models. Moreover, the question arises whether there is a physical limit for X fd that cannot be Smaller time constants have been obtained for ferritin, the normal iron storage protein, by measuring hysteresis loops, explained by Néel's theory.
This study demonstrates that the SP/SSD transition is not susceptibilities at various frequencies, and Mössbauer spectra as a function of temperature. The time constant has been as sharp as is often assumed, but in fact is rather gradual for AC susceptibility measurements, and that maximum values for determined as t o =10−12 s (Dickson et al. 1993 ) and t o = 10−11 s (Kilcoyne & Cywinski 1995) . Even in this case, X fd are much less than calculated by Eyre (1997) when a reasonable distribution in microcoercivities is also being conwith nearly identical particles, the error in determining t o is apparently an order of magnitude. sidered. In addition, the theoretical temperature dependences of X for various distributions are calculated.
t o =10−9 s is used in the following calculations.
T HE O R Y Blocking volume
The calculation of a blocking volume for a given time constant The stability of SD grains is commonly characterized by their relaxation time t (Néel 1949) :
is straightforward while assuming that the coercivity is independent of volume:
(2) where the relaxation time t depends on the anisotropy constant K, the particle volume V and the thermal energy kT , and
The anisotropy field H k can be calculated for ensembles of non-interacting SSD particles from the macroscopic coercivity where t o is a time constant. For uniaxial particles, whose magnetizations can only be reversed by coherent rotation, H c via the theory of Stoner & Wohlfarth (1948) : the anisotropy constant can be related to the microscopic Fig. 1 displays how blocking volume varies with coercivity for t=1, 10−3 and 10−4 s (appropriate time constants for hysteresis and AC susceptibility measurements with frequencies of 500 Hz The time constant t o and 5 kHz, respectively). Also shown is the corresponding grain diameter of spherical particles. The minimum coercivity The pre-exponential time constant t o plays a crucial role in determining the values of the relaxation time, particularly at for SD magnetite is m o H c #20 mT for spherical particles whose coercivity is determined by crystal anisotropy alone (Stacey & high frequencies. Estimates range from 10−13 to 10−8 s (Stacey & Banerjee 1974; Dormann 1981; Xiao et al. 1986) , or even to Banerjee 1974). In practice, shape anisotropy and stress increase the coercivity. On the other hand, the presence of SP 10−7 s (Moon & Merrill 1988) . Néel (1949) linked t o to magnetoelastic energy and demagor multidomain grains in a sample as well as magnetostatic particle interactions (particularly for 'dispersed' powders) will netizing fields, but t o remains hard to quantify. Brown (1959) derived the relation t−1 o =cKM s −1(KV/pkT )1/2, where c is the decrease measured coercivities and thus tend to underestimate H k . As a result, reports on truly SD magnetite grains, with a gyromagnetic ratio (see also Dormann 1981). t o is thus not truly constant but varies with particle size, coercivity and ratio M rs /M s =0.5, are rare. A coercivity of m o H c =28 mT has been reported for bacterial SD magnetite (Moskowitz et al. temperature. For magnetite, t o increases accordingly from 0.4 to 3.3×10−9 s for grain size decreases from 15 to 5 nm in 1988). Magnetite grains in glass-ceramic samples (Worm & Markert 1987) and natural volcanic glasses (Pick & Tauxe diameter and H k =40 kA m−1 (#50 mT). Experimental evidence also restricts t o of magnetite grains 1994) have coercivities ranging from 48 to 60 mT. The magnetic properties of these samples are probably affected by macroto be close to 10−9 s. At one end, the time constant for (Fe) Mö ssbauer studies of t=2×10−8 s and the existence of SP scopic stress due to different coefficients of thermal expansion for silicates and iron oxides, respectively. Stress may also be Mö ssbauer spectra for magnetite confines t o to less than 10−8 s. At the other end, there are data that are hard to reconcile significant for natural fine particles of magnetite if they possess an oxidized surface, and its importance increases with decreaswith t o %10−9 s. t o =1.1×10-9 s has been deduced (McNab, Fox & Boyle 1968 ) from the analysis of Mö ssbauer spectra of ing grain size (Mørup et al. 1976) . Hydrothermally grown and precipitated magnetite crystals are nearly free of stress, and magnetite nanocrystals. Also, 10 nm magnetite particles exhibit SSD Mössbauer spectra up to T =350 K (Mørup, Topsøe & the smallest grains (d#40 nm) have coercivities >20 mT smaller than the SP/SSD threshold of d s (500 Hz)#17 nm (Fig. 1) because the unit cell of magnetite itself has a diameter of about 1 nm. Theoretical considerations even suggest that the properties of magnetic grains containing less than 105 atoms must be described by quantum mechanics (Jones & Srivastava 1989) . Since the authors offer no alternative description, eq. (5) is employed in these calculations.
The change in susceptibility values at the SP/SSD threshold has generally been presumed to be very steep-like that of a first-order phase transition (e.g. Stephenson 1971; Eyre 1997). In reality, however, the transition is more gradual for two reasons. AC susceptibilities exhibit a gradual transition across the SP/SSD threshold. This has been discussed by Néel (1949) , Mullins & Tite (1973) and Dabas et al. (1992) in detail. The in-phase susceptibility X∞ for SD particles is proportional to 1/(1+v2t2) and is thus without a sharp drop for frequencies >t−1. The AC susceptibility of SP grains is thus
The exact transition from SP to SSD susceptibilities, however, remains hard to quantify because eq. (6) characterizes the forces X sp 0 for v&t Fig. 2) ; the validity is thus limited to values above that given by eq. (4).
In addition, assemblages of SD grains have a distribution (Heider, Dunlop & Sugiura 1986); however, they are not truly SSD particles (Stoner & Wohlfarth 1948) because M rs /M s <0.3. not only in grain volumes but also in micro-coercivities. This results in an additional broadening of the SP/SSD threshold. (1973) is indirect and rather imprecise due to a limited microscopic resolution and a broad grain size distribution up to >60 nm. Butler & Banerjee (1975) calculated the SP/SSD threshold for elongated parallelepipeds and reported a minimum grain length of 25 nm for a relaxation time of t=100 s.
In the subsequent calculations, a larger blocking volume implies a larger susceptibility contrast at the SP/SSD threshold because the SP susceptibility increases proportionally to volume. (Stoner & Wohlfarth 1948) , while superparamagnetic susceptibilities are (Néel 1949) . Eq. (5) is the linear approximation for the Langevin function describing the magnetization curve of no-anisotropy SP grains and also the approximation for the diameter cannot be much less than an order of magnitude are thought to represent the variation of susceptibility with volume, where each volume fraction has the same, even coercivity distribution between 40 and 60 mT. Its formula is given by X=X sp
Susceptibilities across the SP/SSD threshold

Ensembles of non-interacting SSD particles have susceptibilities
with x=2.5 and e=4, and volumes in 10-25 m3. This thus represents only an analytical approximation to the AC susceptibility variation across the SP-SSD boundary of grains with a distribution of coercivities.
Susceptibilities for assemblages of SD magnetite grains
The susceptibility of SD magnetite particles is assumed to vary with volume as indicated by the solid lines in Fig. 2 . The mean blocking volume has been calculated according to eq. (2), with m o H c =50 mT, T =298 K, M s =470 kA m−1 and t=10−3 and volume distributions of varying widths as in Eyre (1997) :
with means varying from 10−25 to 2×10−23 m3 and s=0.2-1.0.
Results are displayed in Fig. 3 for the frequency dependence of susceptibility. X fd is plotted versus X lf for s=0.8 in Fig. 4 in order to illustrate how a decreasing mean grain size can lead to increases in susceptibility and its frequency dependence. Fig. 5 shows the temperature dependence of susceptibility for four different volume distributions and a single-value coercivity of m o H c =50 mT.
DISCUSSION
The calculated frequency dependence of susceptibility is much smaller than that deduced by Eyre (1997). For example, for s=0.5 Eyre indicates a maximum X fd >80 per cent, while it is only X fd =22 per cent in these calculations. This is because he the SP/SSD threshold and also because his adopted SD threshold of V =1.24×10−23 m3 is too large [corresponding to a SD coercivity %20 mT (eqs 2 and 3; Fig. 1)] . The observed limited frequency dependence of susceptibility X fd <15 per cent does indeed suggest broad grain size distributions, or a bimodal distribution where the relative abundance of SP and SSD does not exceed a certain ratio. Both options cannot be distinguished on the basis of susceptibility measurements at two frequencies only. Temperature-dependent susceptibility or remanence measurements can help to discriminate between these two models. Loess and palaeosols from China and the Czech Republic exhibit wide ranges of unblocking temperatures (Hunt et al. 1995; Oches & Banerjee 1996) , thus indicating broad volume distributions rather than bimodal distributions.
If the magnetite content in a sample is low (<0.1 per cent) paramagnetic contributions to the bulk susceptibility may be 
for the magnetite grains and the paramagnetic susceptibility is one half of the ferrimagnetic value then the measured frequency this case remanence measurements during thermal demagnetization of a low-temperature remanence may be more helpful in dependence will be reduced to 2/3, i.e. X fd =10 per cent. The gradual transition at the SP/SSD boundary derived in deducing the magnetic granulometry (Hunt et al. 1995; Oches & Banerjee 1996) . this study may appear to resemble that of the phenomenological model of Dearing et al. (1996) ; however, their model is physically incorrect at least with regard to the assumed frequency-independent upper grain size limit of the transition. ACKNOWLEDGMENTS Making this limit frequency-dependent as the calculated Bruce Moskowitz corrected a non-error and made available a SP/SSD threshold would lead to larger X fd values. A distripreprint of his paper. Comments by Karl Fabian and an bution of grain volumes is clearly required for realistic anonymous reviewer significantly improved the manuscript. calculations.
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